Alteration of lipid metabolism in cells infected with human cytomegalovirus  by Sanchez, Veronica & Dong, Jennifer J.
Virology 404 (2010) 71–77
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roAlteration of lipid metabolism in cells infected with human cytomegalovirus
Veronica Sanchez ⁎, Jennifer J. Dong
Texas A&M Health Science Center, Department of Microbial and Molecular Pathogenesis, College Station, TX 77843, USA⁎ Corresponding author. Texas A&M Health Science
Molecular Pathogenesis, SRPH Bldg. A, Room 234, Colleg
Fax: +1 979 862 7226.
E-mail address: VSanchez@medicine.tamhsc.edu (V.
0042-6822/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.virol.2010.04.026a b s t r a c ta r t i c l e i n f oArticle history:
Received 26 January 2010
Returned to author for revision
15 February 2010
Accepted 26 April 2010
Available online 23 May 2010
Keywords:
Herpesvirus
Lipid metabolism
Gene expressionThe human cytomegalovirus (HCMV) envelope contains 12 virus-encoded glycoproteins and glycoprotein
complexes but the lipid composition of the envelope has not been clearly deﬁned. Given the speciﬁcity of the
interactions between integral membrane proteins and lipids, it is likely that the lipid content of the virion
envelope is regulated during infection. In an effort to determine the effects of HCMV infection on lipid
metabolism, we have used PCR array technology to investigate how infection affects the expression of genes
involved in lipoprotein signaling and cholesterol homeostasis pathways. Our results indicate that HCMV
infection leads to down-regulation of the ABCA1 transporter. Decreased levels of ABCA1 appear to be the
result of enhanced calpain-mediated cleavage in virus-infected cells. In addition, our data also show that
HCMV infection inhibits the development of the foam cell phenotype in conditionally permissive THP-1
derived macrophages.Center, Dept. of Microbial and
e Station, TX 77843-1266, USA.
Sanchez).
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Human cytomegalovirus is a ubiquitous, opportunistic pathogen
that remains a leading cause of congenital birth defects (Stagno,
2006). The incidence of infection can vary but in general 50–90% of the
population is infected. In the healthy host, the acute phase of infection
is self-limiting and the virus establishes a latent infection that can be
reactivated in response to a variety of cellular stresses. The long-term
effects of viral persistence are the focus of many studies as HCMV
infection has been implicated as a co-factor in the development of
cardiovascular disease and some cancers (for review, see (Gerna et al.,
2004; Soderberg-Naucler, 2006); (Cobbs et al., 2002; Harkins et al.,
2002)). HCMV can productively infect many different cell types
including ﬁbroblasts, epithelial cells, smooth muscle cells, endothelial
cells and macrophages. The reservoir for HCMV during latency
appears to be cells of the myeloid lineage, which are not permissive
for viral replication. Differentiation of monocytes into macrophages
activates the viral lytic cycle and leads to release of infectious virus
(Ibanez et al., 1991; Sinzger et al., 1996; Taylor-Wiedeman et al.,
1994).
The association of HCMV infection with atherogenic lesions has
been well documented but viral infection has not been established as
a proximal cause of disease. HCMV infection can contribute to the
development of atherosclerotic plaques at different stages (for review,
see (Soderberg-Naucler, 2006)). First endothelial cells are permissive
for HCMV infection, which can lead to the activated state that initiatesthe inﬂammatory cascade at the site. It is also possible that latently
infectedmonocytes are recruited to primary lesions and subsequently
induced to differentiate, thereby triggering lytic replication. The viral
progeny produced could then infect endothelial or smooth muscle
cells at the site. Infection of smooth muscle cells has been shown to
induce their migration in vitro (Streblow et al., 1999). Additional
studies have further delineated the effects of infection on the
inﬂammatory response; however, to date, only a small number of
studies have examined the effects of HCMV infection on lipid
metabolism and its potential contribution to the development of the
foam cells observed within atherosclerotic plaques (Abrahamsen
et al., 1996; Machesky et al., 2008; Munger et al., 2008). Moreover,
alteration of intracellular lipid content and its implications in viral
envelopment are poorly understood.
It has previously been reported that HCMV infection of lung
ﬁbroblasts and smooth muscle cells leads to an increase in neutral
lipids, such as cholesterol (Abrahamsen et al., 1996). Their
accumulation is consistent with the reports that infection induces
the expression of scavenger receptors for oxidized LDL at the plasma
membrane (Carlquist et al., 2004; Zhou et al., 1996). The early results
by Abrahamsen and colleagues suggesting that HCMV infection
alters lipid metabolism are also supported by more recent work. In
addition, these newer studies suggest that this phenomenon is
important for productive infection. Machesky et al. examined the
regulation of bioactive sphingolipids during infection (Machesky
et al., 2008). Among the key ﬁndings, this group reported that
infection results in increased levels of dihydrosphingosine-1-
phosphate (dhS1P) and ceramide at early times of infection, most
likely arising from de novo sphingolipid synthesis. At later times,
dhS1P and dihydroshingosine (S1P) decrease suggesting that
biosynthesis is regulated by the infection. The enzyme that controls
Table 1
n-Fold differences in gene expression at 6 h p.i. (viral/mock samples).
Gene Expt. 1 Expt. 2 Average
Apolipoprotein A1 11.48 10.72 11.10
Carboxyl ester lipase 5.91 6.11 6.01
Cholesterol ester transfer protein 14.30 11.82 13.06
Leptin 25.79 12.69 19.24
Neimann–Pick disease, type C1-like 1 83.51 116.89 100.20
Stabilin 1 3.05 8.70 5.88
Transcriptional regulating factor 1 0.23 0.31 0.27
ABCA1 0.56 0.60 0.58
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quantity and activity during the infection. In addition, these authors
determined that inhibition of sphingosine kinase activity was
detrimental to the infection. Along similar lines, Munger and
colleagues found that AD169 infection of ﬁbroblasts induced
lipogenesis as measured by mass spectrometry (Munger et al.,
2008). Infection increased glucose-driven fatty acid biosynthesis and
inhibition of enzymes in this pathway resulted in a decrease in
extracellular virus production. These studies suggest that manipula-
tion of cellular lipid levels is essential to the viral life cycle.
As a ﬁrst step in determining the effects of HCMV infection on
cholesterol and lipoprotein signaling pathways, we have utilized PCR
array technology to proﬁle the expression of proteins involved in
cholesterol homeostasis. Our results indicate that HCMV infection
signiﬁcantly alters the expression of a small number of genes by 6 h
post-infection (p.i.). Consistent with previous ﬁndings, however,
changes in gene expression are not always reﬂected in the steady-
state levels of the corresponding proteins. For example, the ABCA1
protein is reduced in virus-infected cells as early as 9 h p.i. but the
mRNA is not reduced until after 24 h p.i. Moreover, the kinetics of
ABCA1 down-regulation is cell type- and virus strain-speciﬁc. Finally,
our results indicate, that although infection may disrupt cholesterol
homeostasis, it does not induce the formation of foam cells in a cell
culture model.
Results
HCMV infection alters the expression of several genes involved in
lipoprotein signaling and cholesterol metabolism
As a ﬁrst step in our analysis of pathways regulating cholesterol
homeostasis in HCMV-infected cells, we took advantage of commer-
cially-available PCR arrays to determine the differential expression of
84 genes functioning in these pathways. We reasoned that signiﬁcant
changes in gene expression would be established very early in
infection; thus, RNA was isolated from mock- and Towne-infected
cells at 6 h p.i., and the expression of speciﬁc genes was quantiﬁed.
Primary human ﬁbroblasts were synchronized in G0 as previously
described and infected with HCMV Towne at a multiplicity of 5 upon
release from conﬂuence. At 6 h p.i., cells were harvested and total RNA
was isolated. RNA was converted to cDNA that was then used as
template for PCR in the array format.
Our analysis indicates that the majority of genes do not undergo
signiﬁcant changes in expression at immediate-early stages of
infection. Six genes exhibited average increases of greater than 5-
fold in viral samples relative to mock-infected controls (Table 1 and
supplementary data). These included Neimann–Pick disease, type C1-
like protein (NPC1L1), leptin, cholesterol ester transfer protein
(CETP), cholesterol ester lipase (CEL), apolipoprotein A1 (apoA1),
and stabilin. Several other genes also showed large increases but were
excluded because their expression level was still quite low in the viral
samples and results were not as reliable. We detected reduced levels
of one gene in viral samples, the transcription factor TRERF1.
To validate our results, we chose to analyze the expression of a
subset of these genes by reverse transcription real-time PCR using
gene speciﬁc TaqMan primers and probe sets. Initially we opted to
characterize the expression of NPC1L1, which showed the largest
increase in viral samples, TRERF1, which was decreased, and ABCA1, a
gene that showed very little change in expression at this 6 h p.i. G0-
synchronized human ﬁbroblasts were infected with HCMV Towne as
described above. At the time points indicated, cells were collected and
samples were divided into aliquots for RNA extraction and protein
analysis.
NPC1L1 regulates the inﬂux of cholesterol into cells. It is also the
target of the popular anti-hypercholesteremia drug ezetimibe (Temel
et al., 2007). The analyses of NPC1L1 gene expression by real-time RT-PCR revealed a similar increase in the viral samples at 6 h p.i. It should
be noted that although the NPC1L1mRNA appeared to be abundant in
the primary ﬁbroblasts when analyzed in the PCR array, the transcript
was very low in our standard RT-PCR analysis (Fig. 1A). The data from
the RT-PCR analysis is consistent with our results from the PCR array
showing a marked increase in the expression of NPC1L1 in virus-
infected cells by 6 h p.i., although the increase was not as substantial
as we observed using the PCR array technology. We observed an
approximately 40-fold increase in the NPC1L1mRNA in virus-infected
cells at 8 h p.i. when compared to the mock sample at the same time
interval and the levels declined thereafter.
We have previously observed that changes in gene expression at
the RNA level are not always reﬂected at the level of protein
accumulation (Sanchez and Spector, 2006). Thus, we then examined
the steady-state levels of NPC1L1 proteins during infection. As
shown in Fig. 1B, NPC1L1 expression showed no increase in viral
samples at 8 h despite the increase in the corresponding RNA levels.
At later times, steady-state levels of NPC1L1 increased slightly in
virus-infected cells.
Along the same lines, we then veriﬁed if the expression of the
transcription factor TRERF1 was down-regulated during infection as
we observed in the PCR array analyses. TRERF1, transcriptional
regulating factor 1, is also known as TReP-132 and BCAR2. In terms
of lipid metabolism, TRERF1 interacts with CBP/p300 to induce the
expression of CYP11A1, a cytochrome that mediates the ﬁrst step in
the conversion of cholesterol to steroid hormones. Consistent with the
results from the PCR array, we also detected a decrease in TRERF1
expression by 8 h p.i. in virus-infected cells (Fig. 1C). Interestingly, at
later time points there was not a marked difference in the level of
TRERF1 RNA between mock- and virus-infected samples. We also
examined the expression of TRERF1 and found that the steady-state
levels of the protein did not change signiﬁcantly during the infection
even at 8 h p.i., at which time there was average decrease of
approximately 5.6-fold in the RNA in infected cells (Fig. 1D). In fact,
the levels of TRERF1 increase in virus-infected cells.
Finally, we wanted to examine the expression of a gene that did
not show a signiﬁcant change in expression in the PCR array analysis.
We chose to examine the expression of the ABCA1 transporter, which
mediates the efﬂux of cholesterol from cells by catalyzing the ﬁrst step
in the production of high-density lipoproteins (HDL). It is also well-
characterized becausemutations in the transporter are the underlying
cause of the Tangier disease in which patients have a predisposition to
cardiovascular disease because of increased retention of cholesterol
within cells. As observed in the PCR array, there was a small drop in
ABCA1 mRNA at 8 h p.i. (Fig. 2A); however, the ABCA1 mRNA was
more signiﬁcantly reduced at the later stages of infection (after 48 h p.
i.). Western blots showed the levels of ABCA1were reduced very early
in infection, despite the observation that mRNA levels do not decrease
until late times of infection (Fig. 2B). Thus from these experiments, we
conclude that although data from the real-time RT-PCR assays concur
with the results from the PCR assay, neither necessarily reﬂect what is
occurring at the protein level.
Fig. 1. Expression of NPC1L1 and TRERF1 in Towne-infected ﬁbroblasts. G0-synchronized human ﬁbroblasts were infected at the time of release from conﬂuence with HCMV Towne
at an MOI of 5. At the time points indicated, cells were collected and two pellets were stored-one for RNA and one for protein. RNA was isolated and used as template for reverse
transcription RT-PCR. Proteins were processed for immunoblotting and equivalent cell numbers were loaded in each lane. A.) RNA was ampliﬁed with the TaqMan RNA-to-CT 2-Step
Kit from Applied Biosystems. NPC1L1 speciﬁc primer and probe mix was purchased from Applied Biosystems. Quantities were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Graph shows independent values obtained from two experiments (scatter plot) and themean (column). Asterisk denotes sample set to one to which other
values were compared. B.) NPC1L1 expression was detected with rabbit serum provided by Dr. Helen Hobbs (UT Southwestern). Asterisks (**) designate the migration of full-length
ABCA1. In parallel, separate membranes were probed with pre-immune serum to detect non-speciﬁc signals (data not shown). Actin served as a loading control (Sigma). The results
from a representative experiment are shown. C.) TRERF1 RNA was detected with the TaqMan One Step RT-PCR kit from Applied Biosystems. TRERF1 primers and probe were
obtained from Applied Biosystems. Quantities were normalized to GAPDH as above. Two experiments are shown. The value for the column represents the mean quantity from two
experiments. Asterisk denotes sample set to one to which other values were compared. D.) TRERF1 was detected with antibody from Bethyl Laboratories. Actin served as a loading
control. A representative blot is shown.
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Because neither NPC1L1 nor TRERF1 protein levels were altered
signiﬁcantly during infection, we focused on characterizing the changes
in ABCA1 expression because it plays a critical role in cholesterol
homeostasis.
A decrease in ABCA1 protein levels was observed to occur between
8 and 24 h p.i. In order to determine the kinetics of the decreased
accumulation of ABCA1, experiments were designed in which cells
were harvested at 3 h intervals after infection. G0-synchronized HFF
cells were infected with HCMV Towne at the time of release from
conﬂuence as described above. Mock- and virus-infected cells were
harvested at 3, 6, 9, 12, 15, 18, 21, and 24 h p.i. The decrease in ABCA1
protein levels was detected after 9 h p.i. in Western blots (Fig. 3B);
however, we did not detect a corresponding decrease in ABCA1mRNA
between 9 and 24 h p.i. relative to samples from mock-infected cells,Fig. 2. ABCA1 decreases during infection. G0-synchronized human ﬁbroblasts were infected
points indicated, cells were collected and two pellets were stored-one for RNA and one for pr
were processed for immunoblotting and equivalent cell numbers were loaded in each lane
Applied Biosystems. Values were normalized to glyceraldehyde 3-phosphate dehydrogenase
(scatter plot). Values are shown as n-fold increases relative to the lowest quantity (24V),
denotes sample set to one to which other values were compared. G0: G0-synchronized c
monoclonal antibody (AB.H10) from Santa Cruz Biotechnology. A blot from a representative
mock-infected cells; V: HCMV-infected cells.although the RNA was reduced in both mock and viral samples
(Fig. 3A). Similar results were obtained in ﬁbroblasts infected with the
HCMV TR clinical strain, although the kinetics of ABCA1 down-
regulation was slower (data not shown). These results suggest that
either the translation of ABCA1 mRNA is impaired in infected cells or
that the protein is being actively degraded.
ABCA1 has previously been shown to be cleaved by calpains in a
phosphorylation-dependent manner (Martinez et al., 2003). In order
to determine if calpains are also targeting ABCA1 in infected cells, we
treated mock- or virus-infected cells with the calpain inhibitor
calpeptin. The drug was added to cultures at 16 h p.i. and cells were
harvested at 22 h p.i. As shown in Fig. 4A, addition of calpain inhibitor
resulted in an increase in the amount of ABCA1 in infected cells
suggesting that that ABCA1 turnover is in part mediated by these
proteases. Real-time RT-PCR shows that calpeptin treatment did not
have an effect on the accumulation of ABCA1 mRNA (Fig. 4B).at the time of release from conﬂuence with HCMV Towne at an MOI of 5. At the time
otein. RNA was isolated and used as template for reverse transcription RT-PCR. Proteins
. A) ABCA1 mRNA was measured by real-time RT-PCR using primers and probe from
(GAPDH) mRNA in samples. The results from two independent experiments are shown
which was set to 1. The columns indicate the average from two experiments. Asterisk
ells; M: mock-infected cells; V: HCMV-infected cells. B.) ABCA1 was detected using
experiment is shown. Actin served as a loading control. G0: G0-synchronized cells; M:
Fig. 3. ABCA1 protein levels drop after 9–12 h p.i. G0-synchronized human ﬁbroblasts
were infected with HCMV Towne at an MOI of 5. At the speciﬁed time points, cells were
harvested and frozen for protein or RNA analysis. A.) Pellets were lysed in RSB to yield
5000 cells/uL. Equivalent volumes of the lysates were separated by SDS-PAGE gels and
transferred to nitrocellulose membranes for immunoblotting with anti-ABCA1 monoclo-
nal antibody (AB.H10) or beta-actin. M: mock-infected cells; V: HCMV-infected cells. B.)
ABCA1 mRNA was measured by real-time RT-PCR using primers and probe from Applied
Biosystems. Values were normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA in samples. The results from two independent experiments are shown.
Values are shown as n-fold increases relative to the lowest quantity (24V), which was set
to 1. The columns indicate the average from two experiments. G0: G0-synchronized cells;
M: mock-infected cells; V: HCMV-infected cells.
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While our observations in ﬁbroblasts were intriguing thus far, it
was still necessary to verify our results in a more clinically relevant
cell type such as macrophages. To this end, we utilized the THP-1
monocytic cell line that is conditionally permissive to HCMV infectionFig. 4. Calpeptin rescues ABCA1 levels in infected cells. G0-synchronized human
ﬁbroblasts were infected with HCMV Towne at an MOI of 5 or mock-infected. At 16 h
p.i., 50 µM calpeptin or vehicle-control was added to cultures. Cells were harvested at 22 h
p.i. A.) Equivalent cell numbers were separated by SDS-PAGE gels and transferred to
nitrocellulose membranes for immunoblotting with anti-ABCA1 monoclonal antibody
(AB.H10) from Santa Cruz Biotechnology. A blot from a representative experiment is
shown as well as a control blot for beta-actin (Sigma). M: mock-infected cells; V: HCMV-
infected cells. B.) ABCA1 mRNA was measured by real-time RT-PCR using primers and
probe fromApplied Biosystems. Valueswere normalized to GAPDHmRNA in samples. The
results from two independent experiments are shown. Values are shown as n-fold
increases relative to the untreated viral sample (V), which was set to 1. The columns
indicate the average from two experiments. M: mock-infected cells; V: HCMV-infected
cells.for preliminary studies. THP-1 cells can be induced to differentiate
into a macrophage-like cell upon treatment with phorbol myristate
acetate (PMA) (Lee et al., 1999; Turtinen and Seufzer, 1994). For our
experiments, we utilized a procedure described by Lee and colleagues
for infection of differentiated THP-1 cells. Brieﬂy, THP-1 cultures were
treated with PMA overnight prior to infection with HCMV in the
presence of PMA and hydrocortisone (HC). Inoculum was removed
24 h later and cultures were re-fed with media containing PMA and
HC. Cells were harvested at the time points indicated and samples
were prepared for RNA and protein analysis. As was the case in
ﬁbroblasts, we observed that ABCA1 was down-regulated in virus-
infected THP-1 derived macrophages infected with Towne strain by
24 h p.i. (Fig. 5A). In addition, we observed a similar decrease in
ABCA1 protein levels in THP-1 cells infected with TR strain (Fig. 5B).
Taken together these results suggest that HCMV infection targets
ABCA1 in a variety of cell types and that this effect is observed with
both laboratory and clinical strains of virus.
It has previously been shown that HIV-1 Nef targets ABCA1 and
causes both down-regulation and redistribution of the protein
(Mujawar et al., 2006). Consistent with this activity, macrophages
expressing Nef accumulated lipids and resembled foam cells. Since we
also observed down-regulation of ABCA1 in HCMV-infected THP-1
cells, we proceeded to determine if HCMV infection enhanced their
transformation into foam cells in response to oxidized LDL (oxLDL)
treatment. THP-1 cells were seeded onto glass coverslips at the time of
treatmentwith PMA to induce differentiation. The next day, cells were
infected with HCMV TR as described above. At 24 h p.i., the inoculum
was removed and cells were refed with media containing 7.5 µg/mL
oxLDL or control media. Fresh oxLDL was added to the cultures every
24 h thereafter, and cells were ﬁxed at 96 h p.i. Coverslips were then
stained with the lipophilic dye Oil Red to visualize oil droplets within
the cells. In contrast to what was observed for HIV-1 infection, HCMV
inhibited the formation of THP-1 foam cells in response to oxLDL.
While addition of oxLDL did cause an increase in the frequency and
size of Oil Red-positive structures in the mock-infected cells, we did
not observe a similar distribution of Oil Red-positive structures in
infected cells (Fig. 6). In mock-infected cells, the percentage of Oil
Red-positive cells increased from an average of 56% to 80.4% after
oxLDL treatment for two experiments, suggesting that the pathways
stimulated during foam cell development are intact in THP-1 cells. In
contrast, we detected an average of 1.5% and 3.4% Oil Red-positive
cells after infection in untreated and oxLDL-treated cells, respectively.
Discussion
Human cytomegalovirus is large enveloped virus with a complex
pathway of assembly. The process of acquisition of the mature
envelope has been studied extensively by determining the degree ofFig. 5. ABCA1 decreases during infection of THP-1 derivedmacrophages. THP-1 cells were
treated with PMA to induce differentiation for 24 h prior to infection with HCMV Towne
(A.) or HCMV TR (B.) at a multiplicity of 5 in the presence of PMA and HC. Equivalent cell
numbers were separated by SDS-PAGE gels and transferred to nitrocellulose membranes
for immunoblotting with anti-ABCA1 monoclonal antibody (AB.H10) from Santa Cruz
Biotechnology. M: mock-infected cells; V: HCMV-infected cells.
Fig. 6.HCMV infection inhibits the conversion of THP-1 derivedmacrophages into foam cells. THP-1 cells were seeded onto coverslips and treated with PMA to induce differentiation.
After 24 h, cells were infected with HCMV TR at a high MOI in the presence of phorbol myristate acetate (PMA) and hydrocortisone (HC). Twenty-four h p.i., the inoculum was
removed and cells were fed with media containing PMA, HC, and oxidized LDL (oxLDL; 7.5 µg/mL). OxLDL treatment was repeated every 24 h. At 96 h p.i., cells were ﬁxed and
stained with the lipophilic dye Oil Red. Staining was visualized with an Olympus IX81 microscope equipped with a DP71 camera. Original magniﬁcation 200×.
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and viral glycoproteins. The one caveat to interpreting these data is
the underlying assumption that the trafﬁcking of the markers for
cellular organelles such as the Golgi and trans-Golgi network is
unaffected by infection. An alternate approach to these studies is to
determine the nature of the viral envelope in terms of lipid
composition. It was previously shown that HCMV infection alters
the lipid content of cells and induces an increased accumulation of
neutral lipids such as cholesterol within cells. As a ﬁrst step in
characterizing the effects of infection on cholesterol metabolism, we
have examined the expression of a number of proteins involved in
maintaining cholesterol homeostasis.
We utilized PCR arrays to create expression proﬁles for genes
regulating cholesterol metabolism. We reasoned that changes in gene
expression resulting in signiﬁcant differences in lipid content should
be established early in the infectious cycle so we analyzed mock- and
virus-infected samples from 6 h p.i. Surprisingly only a small number
of the 84 genes examined showed greater than 3-fold differences in
expression. To validate our results we selected 3 genes for further
investigation and conﬁrmed that the trends in expression observed by
PCR array for those 3 genes were correct, although the fold-changes in
expression did vary in scale. Although the software for the array
analysis does recognize when speciﬁc transcripts are low (high Ct
values), NPC1L1 transcripts were not designated as such; however,
we did observe that the levels were quite low when using the speciﬁc
TaqMan probes. Thus, the variability in the differences in NPC1L1
mRNA levels was likely the result of amplifying very low levels of
transcript.
Perhaps not unexpectedly, we found that the changes in RNA
expression did not necessarily correlate with changes in the steady-state levels of the corresponding proteins. We then focused the
subsequent studies on the effects of infection on the ABCA1
transporter, which was signiﬁcantly down-regulated by infection at
the protein level. Efﬂux of cholesterol from cells is controlled
primarily by the ABCA1 transporter (for review, see (Oram and
Heinecke, 2005; Oram and Vaughan, 2006; Zarubica et al., 2007)).
Adenosine triphosphate binding cassette (ABC) transporters comprise
one of the largest protein families and are highly conserved from
prokaryotes to higher eukaryotes. These transporters hydrolyze ATP
to translocate substrates across biological membranes. The family is
subdivided into seven classes (A–G) and ABCA1 is the prototype of the
A class of mammalian transporters. ABCA1 controls the formation of
HDL by promoting the export and transfer of cholesterol and other
lipids to lipid-poor apolipoprotein acceptors. Since there is an inverse
relationship between levels of serum HDL and cardiovascular disease
(CVD) and because ABCA1 functions in the initial stages of HDL
synthesis, this protein is considered to be athero-protective (Oram
and Vaughan, 2006). In fact, genetic defects resulting in loss of ABCA1
activity are the cause of Tangier disease, which is characterized by an
increased susceptibility to atherosclerotic CVD.
ABCA1 is localized to the plasma membrane and intracellular
compartments where it may also function in lipid exchange with
intracellular apolipoproteins. In fact, there is evidence that ABCA1
modulates late endocytic trafﬁcking and that defects in the trans-
porter can result in the aberrant accumulation of cholesterol and
proteins in late endosomes (Neufeld et al., 2004). Thus, levels of
ABCA1 at both the plasma membrane and in cytoplasmic compart-
ments are tightly regulated. One well-characterized mechanism of
post-translational control of ABCA1 is cleavage of the protein by
calpains (Chen et al., 2005; Martinez et al., 2003). Calpains are
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substrates important in cell migration and signal transduction (for
review, see (Goll et al., 2003)). Thus calpains are effectors in the
calcium signal transduction pathways and control the activity of other
proteins through limited proteolysis. It has been reported that ABCA1
is a target for calpains. Consistent with this previous work, we found
that adding the calpain inhibitor calpeptin to infected cultures
resulted in an increase in the steady-state levels of ABCA1. Calpain
activity may be induced by HCMV infection through the activity of the
UL37x1 immediate-early gene product. Work by Sharon-Friling and
colleagues showed that UL37x1 could mediate the release of
intracellular calcium stores from the ER (Sharon-Friling et al., 2006).
The down-regulation of ABCA1 at early times during the infection is
consistent with kinetics of UL37x1 expression but further experi-
ments are necessary to conﬁrm that calpains and UL37x1 regulate
ABCA1 stability during infection.
Finally, our observation that HCMV infection appears to inhibit the
formation of foam cells in the THP-1model is contrary to the effects of
infection on ABCA1 expression; that is, the expectation would be that
reduced ABCA1 expression would result in enhanced accumulation of
cholesterol within cells as is the case in HIV-1 infected primary
macrophages (Mujawar et al., 2006). One possibility to explain our
results is that our experiments were performed in differentiated THP-
1 cells, a leukemic cell line lacking p53, which may not display the
same effects when treated with oxLDL. However, we observed an
increase in the number of Oil Red-positive cells when mock-infected
cells were treated with oxLDL, suggesting that THP-1 derived
macrophages support foam cell development. Another confounding
observation is the enhanced expression of scavenger receptors for
oxLDL on the surface of HCMV-infected cells that should result in
increased uptake and accumulation of cholesterol and other lipids
during infection (Carlquist et al., 2004; Zhou et al., 1996).We have not
yet tested whether the scavenger receptors are up-regulated during
HCMV infection of THP-1 cells. Interestingly, the Oil Red-positive
structures observed in THP-1 cells treated with oxLDL are not
traditional lipid droplets per se, but instead represent lysosomes/
late endosomes that become engorged with lipids (Cox et al., 2007;
Jerome et al., 2008). Together with the early chromatography data
showing that HCMV infection induces the accumulation of cholesterol
in permissive cells, these data suggest that the normal pathways of
lipid trafﬁcking are altered by infection and furthermore, that
cholesterol may be incorporated into cellular membranes rather
than accumulating within lysosomes/late endosomes as cholesterol
esters. Thus, future studies will examine not only the differential lipid
content of infected cells but also the intracellular distribution of
lipids relative to the viral assembly center where the mature virion
envelope is acquired.
Materials and methods
Cell culture and virus
Human foreskin ﬁbroblasts (HFF) were maintained as previously
described in minimal essential media (MEM)-Earle's media supple-
mented with 10% fetal bovine serum, penicillin, streptomycin,
amphotericin, and glutamine (Sanchez et al., 2002). For G0 infections,
cells were grown to conﬂuence allowed to arrest for 3 additional days
before trypsinization and replating at a lower density (Sanchez et al.,
2003). Cells were infected at amultiplicity of infection (MOI) of 5 with
a laboratory strain, Towne, or a clinical strain, TR, of HCMV at the time
of release from conﬂuence. Mock-infected cells were incubated with
an equal volume of conditioned media.
THP-1 cells weremaintained in RPMIMedium 1640 supplemented
with 10% FBS and penicillin and streptomycin. Cells were counted,
seeded into tissue culture plates, and differentiated 24 h before
infection by treatment with phorbol myristate acetate at a ﬁnalconcentration of 50 ng/mL. Adherent cells were infected with TR at an
MOI of 5 in the presence of PMA and hydrocortisone (5 µM). Twenty-
four h p.i., the virus inoculum was removed and cultures were fed
withmedium containing PMA and HC. Cells were harvested at various
times p.i. and pellets were frozen until further analysis.
PCR arrays
Total RNA was extracted from cell pellets 6 h p.i. using the PARIS
RNA isolation kit (Ambion) according to manufacturer's instructions.
The RNA was then converted to cDNA using the RT2 First Strand Kit
from SABiosciences according to the protocol provided with the kit.
The cDNA was subsequently mixed with PCR master mix (PCR Master
Mix RT2 Real-time SYBR Green/Rox, SA Biosciences) and equal
volumes were added to each well of the RT2 Proﬁler PCR Array for
Human Lipoprotein Signaling and Cholesterol Metabolism (SABios-
ciences). Ampliﬁcation of cDNAs was conducted and monitored in an
ABI 7300 real-time instrument according to protocols provided with
the PCR arrays. Data was analyzed using RT2 Proﬁler analysis software
available at the web address http://www.sabioscience.com/pcr/
arrayanalysis.php. For each mock or viral sample, two plates
(duplicates) were measured and the average Ct values were used to
calculate fold differences between mock and viral samples. Values
were normalized to GAPDH. Each experiment represents one mock
and one viral sample and experiments the values for two experiments
are shown.
Western blotting
At the time points indicated, HCMV- and mock-infected cells were
collected by trypsinization and frozen. Pellets were resuspended in
reducing sample buffer (RSB) (Sanchez et al., 2002) and disrupted by
passing samples several times through a 21-gauge needle. Samples
were heated at 37 °C for 5 min prior to loading. Samples were
normalized by loading equivalent cell numbers into each lane of
polyacrylamide gels and proteins were resolved by SDS-PAGE.
Proteins were transferred to nitrocellulose. The following antibodies
were used to probe ﬁlters: anti-ABCA1 (Santa Cruz Biotechnology);
anti-NPC1L1 serum 69B (a kind gift from Dr. Helen H. Hobbs, UT
Southwestern) (Temel et al., 2007); anti-TRERF1 (Bethyl Laborato-
ries), and anti-actin (Sigma).
Real-time PCR
Infections were performed as described above and cells were
harvested at the designated time p.i. Total RNA was isolated using the
PARIS RNA isolation kit (Ambion) per manufacturer's instructions.
Sampleswere quantiﬁed and diluted to a uniform concentration. Real-
time RT-PCR was performed using TaqMan primers and probes
purchased from Applied Biosystems: GAPDH (Hs02758991_g1);
ABCA1 (Hs01059122_m1); TRERF1 (Hs00363301_m1); NPC1L1
(Hs03037374_m1). The amounts were normalized to the level of
GAPDH in each of the samples. For ABCA1 and TRERF1, RNA levels
were measured using the TaqMan One Step RT-PCR kit from Applied
Biosystems. Because of low copy number, NPC1L1 RNA was ampliﬁed
with the TaqMan RNA-to-CT 2-Step Kit from Applied Biosystems.
Oil red staining
THP-1 cells were seeded into 35 mm dishes containing coverslips
and differentiated with PMA as described above. Twenty-four h post-
addition of PMA, cells were infected with TR strain in the presence of
PMA and HC. Twenty-four h later, the inoculum was removed and
cultures were re-fed with media containing PMA, HC, and 7.5 ng/mL
oxidized LDL (Kalen Biomedicals). Oxidized LDL was added to the
cultures every 24 h thereafter. At the indicated timepoints, cells were
77V. Sanchez, J.J. Dong / Virology 404 (2010) 71–77ﬁxed in 2% formaldehyde in PBS and washed in PBS. For Oil red
staining, coverslips were removed PBS and excess liquid was removed
before incubation in Oil red working solution. Cells were stained for
1 h with gentle agitation at RT. Coverslips weremounted on slides and
visualized with an IX80 research microscope (Olympus) equipped
with a DP71 color camera.
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